Fibrosis (progressive scarring) is a leading cause of organ failure worldwide and causes loss of organ function when normal tissue is replaced with excess connective tissue. Several organs are prone to this process regardless of etiology. The pleiotropic hormone, relaxin, is emerging as a novel antifibrotic therapy. Relaxin has been shown to limit collagen production and reorganization, while stimulating increased collagen degradation. It not only prevents fibrogenesis, but also reduces established scarring.This review summarizes (1) the levels at which relaxin inhibits collagen production and existing collagen overexpression in induced models of fibrosis, and (2) the collagen-related phenotypes of relaxin-and LGR7-deficient mice. Recent studies on relaxin-deficient mice have established relaxin as an important, naturally occurring regulator of collagen turnover and provide new insights into the therapeutic potential of relaxin. Keywords: Collagen, Gene-knockout mice, Fibrosis, Relaxin
One of the most consistent biological effects of relaxin is its ability to stimulate the breakdown of collagen, a major component of all organs within the body. Relaxin not only stimulates collagen remodeling within the birth canal in preparation for parturition, 1 but acts on cells and tissues to inhibit fibrosis, the process of tissue scarring which is primarily the result of excessive collagen deposition.
Fibrosis is a universal response to chronic injury and inflammation of several organs and manifests itself as excess accumulation of connective tissue resulting in an irreversible loss of tissue function when normal tissue is replaced by scar tissue. 12, 13 Fibrosis exists in numerous forms, including vascular sclerosis, hepatic cirrhosis, pulmonary fibrosis and renal fibrosis. These forms of deep organ fibrosis are particularly serious because the progressive loss of organ function is a leading cause of mortality estimated to account for 45% of deaths in the United States between 1984 and 1989. 12 It is also noteworthy that the underlying pathology of fibrosis remains similar in all cases suggesting that insights into the pathogenesis of scarring in any one of these organs has important implications for our understanding of fibrosis in general.
Rel axin is a dimeric peptide hormone that is structurally related to the insulin family of peptides and has a diverse range of biological actions in several species. [1] [2] [3] [4] [5] [6] [7] [8] [9] Discovered almost 80 years ago, relaxin was found to be primarily produced in the ovary and/or placenta during pregnancy and was initially regarded as a hormone of pregnancy. 1 Humans and higher primates have three relaxin genes, designated as H1, H2 and H3 relaxin, 10 while two relaxin genes, relaxin-1 and relaxin-3, exist in rodents and are equivalent to H2 and H3 relaxin, respectively. The H2 relaxin protein (or relaxin-1 in rodents) is the major circulating and stored form of relaxin in each respective species and, therefore, will be the forms of relaxin referred to in this review. The H3 relaxin gene (or relaxin-3 in rodents) is predominantly expressed in the brain where it is thought to act as a neuropeptide. 5, 10 The primary relaxin receptor, LGR7, was only recently identified and is a member of the leucine-rich repeat family of G-protein-coupled receptors. 11 The identification of these relaxin peptides and the LGR7 receptor in several tissues and cells outside the female reproductive tract and the recently documented novel actions of relaxin [1] [2] [3] [4] [5] [6] [7] [8] [9] have now established relaxin as a pleiotropic hormone with significant therapeutic and clinical implications.
Fibrogenesis is driven by the recruitment of myofibroblasts to the site of injury. Fibroblastic cells are characterized by their expression of the protein, smooth muscle actin (SMA). Stimulated by a variety of cytokines, fibroblasts proliferate, differentiate and synthesize matrix 14 with the balance between matrix synthesis and remodeling determining the extent of scarring (figure 1). The major profibrotic factors include transforming growth factor-β1 (TGF-β1), 13, 15 angiotensin II (AngII) 13, 16 and their downstream mediators including connective tissue growth factor (CTGF), 17, 18 platelet derived growth factor (PDGF) 13, 19 and endothelin-1 (ET-1). 13, 20 Furthermore, an imbalance between collagen degrading enzymes, the matrix metalloproteinases (MMPs) and their inhibitors, the tissue inhibitors of metalloproteinases (TIMPs), can also lead to excessive collagen deposition and result in organ fibrosis. 21 The irregular deposition of matrix material leads to the disruption of normal tissue architecture and eventually to organ dysfunction.
Since the 1950s, it has been hypothesized that relaxin could affect the degradation of extracellular matrix molecules leading to connective tissue remodeling in a number of reproductive and non-reproductive tissues. This notion was clinically tested in the 1950s and in the late 1990s in studies on systemic sclerosis (scleroderma), 22, 23 a complex disorder of connective tissue which is characterized clinically by thickening and fibrosis of the skin in addition to interstitial fibrosis of several internal organs, such as the heart, lung, liver and kidneys. 23 Although relaxin was found to be safe and well tolerated in these clinical trials, it failed to meet the primary efficacy endpoints, highlighting the fact that further work was required to determine the potency and mechanism of action of relaxin as an antifibrotic agent.
The Effects of Relaxin Administration to Models of Induced Fibrotic Disease
In recent times, a highly purified recombinant form of H2 relaxin has been produced and tested in a number of in vitro and in vivo systems to evaluate both its ability to modify connective tissue and its potential antifibrotic properties. Several studies have demonstrated that relaxin is able to act at multiple levels to inhibit fibrogenesis and collagen overexpression associated with fibrosis. It is important to note that while several actions of relaxin are consistently identified in multiple organs, some of its actions are tissue specific or vary between organs suggesting that relaxin inhibits fibrosis through common and specific mechanisms, depending on the organ to which it is applied. Relaxin inhibits fibroblast function Relaxin's ability to inhibit fibroblast proliferation was demonstrated in the late 1980s, when it was shown to prevent the normal course of cell division and inhibit the proliferative response during the inductive phase of differentiation of the 3T3-L1 fibroblast cell line without affecting fibroblast differentiation directly. 24 More recently, relaxin was shown to directly inhibit fibroblast differentiation into myofibroblast expression by inhibiting alpha-smooth muscle actin (α-SMA) expression in a dose-dependent manner when applied to rat cortical fibroblasts. 25 While relaxin alone did not appear to directly inhibit renal fibroblast proliferation, it was able to abrogate the TGF-β-induced reduction in fibroblast number. 25 In separate studies, relaxin inhibited α-SMA expression when applied to rat hepatic stellate cells 26 and inhibited fibroblast proliferation and differentiation when applied to rat cardiac fibroblasts. These findings are consistent with relaxin's ability to inhibit collagen synthesis and deposition. 27 Relaxin inhibits collagen synthesis/secretion and deposition Inhibition of collagen synthesis/secretion and accumulation by relaxin has been well documented in several in vitro and in vivo studies. In vitro, relaxin decreases matrix accumulation by inhibiting collagen secretion and/or deposition in a dose-dependent manner (0.1-100 ng/ml) when applied to human dermal fibroblasts 28 and fibroblasts from scleroderma patients, 29 human lung fibroblasts, 30 rat hepatic stellate cells, 31 rat cortical fibroblasts, 25 and rat atrial and ventricular fibroblasts. 27 Relaxin decreased newly formed collagen secretion, even in the presence of collagen overexpression induced by profibrotic factors (TGF-β1, interleukin-1β or AngII). This effect was seen in several fibroblast cultures, including rat cardiac fibroblasts (figure 2A). Furthermore, relaxin markedly inhibited collagen deposition into the cell layer of these cultures after pre-stimulation of cells with these same pro-fibrotic factors (figure 2B). In all these in vitro studies, relaxin did not demonstrate any effects on basal collagen expression highlighting the specificity of relaxin's antifibrotic actions to affected (scarred) tissues and not to normal tissue collagen and architecture.
The ability of H2 relaxin to inhibit collagen deposition and accumulation has also been demonstrated in a number of pre-clinical in vivo experiments involving models of induced fibrosis. Relaxin significantly reduced collagen accumulation over a 2-week period in two rodent models of dermal fibrosis induced by (1) fibrotic infiltration of polyvinyl alcohol sponge implants in rats and (2) capsule formation around implanted osmotic pumps in mice. 32 In both models, relaxin inhibited collagen deposition by 25%-29% and altered the array of densely packed collagen fibers to those that were less abundant and randomly orientated. H2 relaxin has also been successfully used to rapidly inhibit collagen overexpression and alveolar thickening in a murine model of bleomycin-induced pulmonary fibrosis. 30 In separate studies, H2 relaxin inhibited renal interstitial fibrosis and improved glomerular filtration rate in an experimental bromoethylamine rat model 33 and two rat models of renal mass reduction caused by infarction or surgical excision of both poles. 34 Consistent with these findings, H2 relaxin was demonstrated to inhibit collagen content and staining in a carbon tetrachloride-induced rat model of hepatic fibrosis 31 and markedly decreased, by 40%-90%, left ventricular collagen concentration in three rodent models of established cardiac fibrosis caused by relaxin-deficiency, 22 transgenic overexpression of β2-adrenoreceptors 22 or hypertension. 35 In all of these models, increased collagen deposition had to be induced by surgical, chemical or genetically modified means to be effectively treated by relaxin. However, the underlying trend in these studies was that relaxin could prevent excessive collagen deposition in diseased states characterized by fibrosis. Furthermore, in all of these in vivo models, the effects of relaxin were demonstrated to be rapid and effective when administration resulted in circulating levels of 30 ng/ml to 50 ng/ml -the physiological range of serum relaxin observed in pregnant rodents. 1, 36 Relaxin influences the expression and integrity of other matrix components involved in the progression of fibrosis In addition to its ability to inhibit collagen secretion and deposition, relaxin has also been shown to inhibit other matrix components that are up-regulated during fibrogenesis. In vitro, relaxin down-regulates fibronectin (a fibrous linking protein that promotes cellular adhesion and migration) secretion by human dermal 23 and pulmonary 25 fibroblasts, while H2 relaxin inhibited fibronectin expression in an antiglomerular basement membrane rat model of renal fibrosis in vivo. 37 In separate studies, neutralization of endogenous relaxin in rats caused an increase in elastin fiber length, density and interdigitation in the late pregnant mammary gland, 38 nipples, 39 cervix 40 and vagina. 41 The ability of relaxin to inhibit elastin expression and integrity in these organs is most likely required for the remodeling that these tissues undergo for successful parturition and lactation, while the significance of this finding in relation to fibrosis is yet to be fully understood. Consistent with these studies, relaxin was shown to inhibit fibrillin-2 (which is thought to play a role in elastogenesis) mRNA and protein expression when applied to human dermal fibroblasts in vitro and the skin of embryonic mice in vivo. 42 In limited studies, relaxin has also been shown to inhibit glycosaminoglycan content (which is known to play a role in tissue hydration) in fibrocartilaginous joints. 43 
Relaxin stimulates MMP expression while inhibiting the expression and activation of TIMPs
Collagen degradation is particularly influenced by the balance of four classes of proteinases, which include aspartic, cysteine, metallo and serine active sites. Relaxin has been shown to act through all four classes of enzymes, [44] [45] [46] although its effects on MMPs and their inhibitors are more prominently documented. Several studies have now 33, 35 In some studies, relaxin was able to stimulate MMP (MMP-2/gelatinase-A) expression and activation when administered to rat cardiac fibroblasts 27 in the presence of profibrogenic stimuli, such as TGF-β1 (figure 2C) or AngII. Relaxin also inhibited the expression and/or activation of the TIMPs in some of these models 28, 31 as a means of down-regulating extracellular matrix synthesis and deposition. These combined findings demonstrate that relaxin's ability to regulate collagen turnover is achieved in part via its ability to stimulate MMP expression while inhibiting TIMP expression in several species and organs or cells derived from these organs. However, it should be noted that the type of MMP/TIMP affected by relaxin is dependent upon the species and particular organ studied. MMP-1 is the major collagenase affected by relaxin in humans, 28, 30, 48 while relaxin-induced changes in MMP-13 (collagenase-3) are primarily observed in rodents. 25, 26 The gelatinases (MMP-2 and MMP-9) and TIMPs are also differentially regulated depending on the species, tissue or origin of cells where relaxin is applied.
Relaxin inhibits the influence of several profibrotic factors
Several cytokines and growth factors play a key role in fibrogenesis by stimulating extracellular matrix production and collagen synthesis and deposition, the most potent being TGF-β1, AngII and their down-stream mediators (CTGF, PDGF and ET-1). Relaxin has been well documented to inhibit TGF-β-induced collagen and/or fibronectin secretion from human dermal 28 and pulmonary 30 fibroblasts and when it has been applied to fibroblasts derived from the rat kidney 25 and heart. 27 Furthermore, relaxin administration to a rat model of chronic renal disease 33 resulted in decreased TGF-β expression in vivo. In separate experiments, relaxin has also been shown to inhibit the fibrogenic effects of interleukin-1β, 28 AngII 27,49 and certain isoforms of insulin-like growth factor I 27 while serving as a functional ET-1 antagonist via activation of the mitogen-activated protein kinase (MAPK) pathway. 50 By antagonizing the effects of these profibrotic factors, relaxin decreased collagen secretion in the presence of collagen overexpression (figure 2A) in addition to collagen deposition and accumulation (overexpression) itself (figure 2B).
Collagen-Related Phenotypes in Relaxin and LGR7 Gene-Knockout Mice
The development of the relaxin gene-knockout (RLX-/-) mouse, 51 which lacks the major stored and circulating form of mouse relaxin, provided the first evidence that relaxin is an essential endogenous mediator of collagen turnover and protects several organs against fibrosis. In non-reproductive organs, RLX-/-mice demonstrated an age-related progression of interstitial fibrosis in the lung, 52 heart, 53 kidneys 54 and skin, 55 leading to organ damage and dysfunction. The lungs of RLX-/-mice were associated with marked increases in tissue weight, collagen content and concentration, resulting in the distortion of alveolar structure, lung function and increased bronchiole epithelium thickening. 52 More recent studies in ageing LGR7 knockout (LGR7-/-) mice have also demonstrated a similar increase in interstitial collagen within the lung, 56 suggesting that relaxin's actions on collagen turnover in vivo are mediated through LGR7. The heart of RLX-/-mice underwent an increase in atrial hypertrophy and impeded left ventricular (LV) diastolic filling and venous return, which was attributed to progressive increases in LV collagen content and ventricular chamber stiffness. 53 The kidneys of ageing RLX-/-mice were also associated with focal increases in interstitial fibrosis and a more general diffuse increase in glomerulosclerosis, resulting in increased cortical thickening and reduced renal function. 54 Furthermore, RLX-/-developed an age-related progression of dermal fibrosis and thickening, which was attributed to marked increases in types I and III collagen. 55 These combined findings demonstrated that RLX-/-mice undergo an age-related progression of fibrosis in several major organs leading to altered tissue structure and function.
Additionally, several reproductive organs of RLX-/-mice also developed an age-or pregnancy-related progression of fibrosis leading to impaired organ function. Female RLX-/-mice in late stages of pregnancy showed inadequate development of the pubic symphysis, nipples, mammary glands and female reproductive organs 51 resulting in some level of impaired delivery and fetal survival and the inability of RLX-/-mothers to suckle their young. These findings were later correlated to increased interstitial collagen in these organs, particularly in the vagina and nipple. 57 LGR7-/-mice also demonstrated impaired nipple development during late pregnancy and were unable to feed their young. 56, 58 In separate studies, analysis of male RLX-/-mice demonstrated inadequate reproductive tract development and growth of the prostate, testis and epididymis leading to impaired fertility. 59 Again, these findings were associated with increased collagen in all these organs and also correlated with decreased sperm maturation (testis) and increased apoptosis (prostate, testis and epididymis) in ageing male mice. In some male LGR7-/-mice, spermatogenesis was also impaired leading to azoospermia and a reduction in fertility, 58 suggesting a role for LGR7 in the process of male reproductive tract development and function. However, this phenotype was absent in LGR7-/-mice at older ages or in later generations 58 and from a different genetic background. 56 Furthermore, LGR7 and LGR8 (the receptor for insulin-3) double mutant males had normal sized prostates and testes, as compared to wild-type control animals, 56 indicating that the actions of relaxin through LGR8 did not account for the male reproductive phenotypes observed in RLX-/-mice.
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Male RLX-/-mice demonstrated a more rapid and severe progression of cardiac, 53 pulmonary, 52 renal 54 and dermal 55 fibrosis, similar to what is seen with some forms of human disease. 60 Whereas female RLX-/-mice developed fibrosis in some organs (skin, lung), the severity of disease was less pronounced and the onset of disease was delayed. Furthermore, in other organs (heart, kidney) they did not demonstrate any changes in collagen accumulation, as compared to that measured in wild-type animals. Thus, the phenotype differences observed between male and female RLX-/-mice may have been the result of using a genetically modified model, which has been reported to cause some organs to display male gender-restricted or gender-biased phenotypes. 61 Alternatively, these differences may suggest that the presence of androgens in males may have detrimental consequences on the progression of fibrosis, 62, 63 or that other female specific hormones or sex steroids may be Relaxin compensating for the absence of relaxin in ageing female knockout mice.
The Effects of Relaxin Administration to RLX-/-Mice
The administration of recombinant H2 relaxin to RLX-/-mice with an early onset of organ fibrosis resulted in the significant reduction and normalization of collagen concentration to levels measured in respective organs (lung and skin) from age-matched wild-type control (RLX+/+) mice (figure 3) 52 over a 2-week treatment period. The rapid ability of relaxin to decrease organ fibrosis at this time point resulted in the restoration of the structural integrity of these tissues to that observed in normal mice. Furthermore, recombinant H2 relaxin treatment of older RLX-/-mice resulted in significant reversal of established pulmonary (figure 3), 52 renal 54 and cardiac 27 fibrosis by 40%-70% of that measured in untreated RLX-/-mice. In contrast, recombinant H2 relaxin had no significant effects on established dermal fibrosis when administered to older RLX-/-mice due, most likely, to the increased viscosity of the dermis compared to the other organs and/or to permanent damage to the internal structure of the skin at this time point. These combined studies demonstrate that there is a narrow window within which relaxin alone can successfully be used as a modulator of collagen expression and as an antifibrotic therapy for dermal scarring. These findings are of particular importance given that clinical trials on recombinant H2 relaxin's effects on systemic sclerosis recently demonstrated that relaxin was biologically active and well tolerated in humans. 23 While H2 relaxin treatment benefited only some individuals, the primary efficacy of relaxin as an antifibrotic agent was not met in phase II/III of these trials due to the addition of several patients with end-stage scleroderma that appeared to be untreatable. These clinical findings are consistent with our studies on knockout mice [52] [53] [54] [55] demonstrating that the potency and efficacy of relaxin as an antifibrotic agent is lost when applied to more severe stages of organ fibrosis. Before relaxin can successfully be developed for clinical use, further work is required to determine (1) the optimal dosage, timing and route of relaxin administration to organs undergoing different stages (acute, established or chronic) of fibrosis, (2) the regulation and activation of LGR7 upon ligand binding in diseased states, and (3) the signaling mechanisms by which relaxin down-regulates matrix proteins that are increased during organ scarring. However, on the basis of the studies published to date, relaxin has emerged as a potential antifibrotic agent that appears to play important roles in the regulation of vasodilation, wound healing, airway remodeling and organ protection. [1] [2] [3] [4] [5] [6] [7] [8] [9] Relaxin Signaling While it is clear that relaxin has important antifibrotic effects in many tissues, the mechanisms involved are less well understood. The signaling pathways utilized by LGR7 include activation of the stimulatory G-protein (Gs) which in turn activates adenylyl cyclase to increase intracellular cyclic AMP levels (figure 4). 11, 64, 65 However, there are a number of anomalies that call into question the adenylate cyclase pathway as the sole signal transduction mechanism utilized by relaxin. In human lower uterine segment fibroblasts, relaxin-induced tyrosine phosphorylation is not accompanied by an increase in cAMP. 66 In human endometrial stromal cells 65 and the monocytic cell line, THP-1, 67 relaxin stimulated cAMP accumulation is inhibited by tyrosine kinase inhibitors. Even in tissues where a cAMP response to relaxin is detectable, it is extremely weak when compared with β2-adrenoceptor stimulation, 68 which is known to signal through Gs or forskolin that directly stimulates adenylate cyclase. A further complication is the observation that the changes in cAMP tend to follow rather than precede the response and often require the presence of a phosphodiesterase inhibitor to be observed (figure 4). 65, 69 In human endometrial cells, relaxin increases cAMP but also strongly activates p42/44 MAPK and extracellular signal-regulated kinase. 70 Similar MAPK activation and antagonism of ET-1 by relaxin are observed in human umbilical vein endothelial cells and HeLa cells. 50 Relaxin also activates the PI-3-kinase signaling pathway 68, 71 and potentially mediates its inhibitory effects on TGF-β in various organs and cells 25, 27, 28, 30, 33 via these MAPK/PI-3 kinase pathways or through Smad signaling. Thus, it is clear that relaxin, like many other ligands for G-protein-coupled receptors, is capable of activating multiple signal transduction pathways.
Conclusions
Relaxin is emerging as an important, naturally occurring inhibitor of collagen turnover in several organs within the body, and also appears to play a protective role in these tissues during normal development and growth in several mammalian species. Additionally, exogenous relaxin is well documented as being a potent and specific antifibrotic agent of affected (diseased) tissues but does not appear to influence the extracellular matrix under normal (basal) conditions. Elucidating the mechanisms by which relaxin induces its effects on collagen and the extracellular matrix will be essential in determining its most effective use as an antifibrotic therapy. 
